Abstract. In micro/nano milling, the accuracy of tools in high-speed motion and the correspondingly final milled precision are greatly affected by the holder. Shrink-fit tool holders have high precision in principle to assure micro/nano milling since there is no medium between the holder and the cutter. Aiming at micro/nano milling, this study provides a systematic modeling and analysis process for shrink-fit holders. The heating and cooling rules of the shrink-fit holder are analyzed for various cases to study the deformation and stress fields. It shows that the clamping hole size is the critical factor affecting the insert of the tool and the material failure possibilities. The outside size of the tool holder has limited effect on the heating and cooling processes. The clamping torque is large enough for even heavy-duty micro/nano milling applications. Based on the models and analytical results, a systematic design procedure for novel shrink-fit tool holders is proposed.
Introduction
One of the most important error sources affecting the tool change accuracy, the radial runout, and the axial float is the error introduced by the tool holder. Especially in high-speed or micro/nano milling processes, the error introduced by the tool holder is the key factor for success. In such applications, the tool changing and clamping accuracies are expected to be in the range of 2 to 3 μm or even smaller. Furthermore, large-scale, deep cavity and complicated freeform features in die/moulds, turbines etc need lengthened tool holders without screw nuts or other additional clamping components which will affect the machining capability, the stiffness, the balance accuracy, and the clamping strength. The shrink-fit tool holders with simple structures are more suitable for these requirements [1, 2] . It has been experimentally evaluated that the shrink-fit tool holders have better performances than that of conventional collet chucks or static pressure expansive chucks [3] .
Shrink-fit assembly is used to keep relatively fixed and in most cases to transmit torque between two components by the radial high pressures at the interface of them. It is widely used in various industrial fields such as tool holders, turbine wheels, gear trains, etc. Shrink-fit assembly is affected by many factors including the interference between the jointed two parts, the geometric accuracy, the surface finish, the working stresses, etc [4, 5] . The dynamic characteristics including natural frequency and mode shape of the conjunction model are analyzed and recommendations of the reasonable rotational speed are given for the specific shrink-fit holder [1] . The stiffness and damping behaviors between the tool and the holder in thermal shrink-fit connections have been modeled and studied [6] . An interference fit in ring gear-wheel connections has been designed using a tolerancing method based on the finite element method (FEM) [7] . Two different methods are used to analyze the shrink fit with assumptions of no friction and a know contact domain [8] . A torque is applied to the shaft in a shrink-fit assembly giving a region of slip between the shaft and the socket. This approach has been applied to study the shrink-fitted shafts in wheels [9] . The stresses and deformations in the shrink-fitted hub-shaft joint for various forms have been analyzed [10] . According to the above mentioned literatures, there are discrete studies for shrink-fit assemblies. The systematic modeling and analysis process to facilitate the novel design and development of shrink-fit tool holders is required. Based on the FEM models and analytical results in deformations, stress fields considering key design factors of the tool holders, a systematic design procedure for novel shrink-fit tool holders is proposed. Small and large-sized shrink-fit tool holder prototypes are developed based on the study and experimentally evaluated.
FEM analysis
The FEM model of the shrink-fit tool holder is created in Abaqus CAE and conducted in Abaqus 6.11. The material of the tool holder is the SUS stainless steel with the density of 7850 Kg/m 3 , the Young's modulus of 206 GPa, the Poisson's ratio of 0.3, the specific heat of 437 J/(Kg· º C), the conductivity of 15. The heating FEM model is used to identify the expansions of the key dimensions of the tool holder. Then the hole size can be estimated whether the tool can be smoothly inserted. The key dimensions after heating will be used for FEM modeling of the cooling processes. In the cooling process, the stresses and the contact pressures will be calculated for analysis. Therefore, it is necessary to verify the FEM models by comparing the simulation results from the heating and cooling models firstly. The dimensions of the shrink-fit tool holder (case 1) are given in Table 1 based on experiences, which is used for micro/nano milling tools with the shank diameter of 3mm. 
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The temperature loads versus the simulation time are that, from the time 1s to 1.5s, temperature increases from 20 º C to 450 º C and the model is held at 450 º C to let the model stable.
The cooling process is to be modeled independently based on the heating deformation results. In the cooling process, the tool-holder assembly is modeled. The new geometric model of the tool holder after heating is created by given the new dimensions of the device, which is derived from heating FEM simulations, as the d=3.0119mm, d 2 =5.0364mm, D=7.0510mm, and L 2 = 14.0889mm. The simulation results are shown in Fig. 2 (a) and (b) . The expansions and the shrinkage of the three key dimensions of the tool holding device are shown in Fig. 2 (c) and (d) , respectively. The final steady values are summarized in Table 2 . From Fig. 2 (c) , (d) and Table 2 , it can be noticed that the deformation differences between the independent heating model and the cooling model are within sub-micron level, which is commensurate with the geometric accuracy in the holder and tool fabrications used for micro/nano milling. Therefore, the FEM modeling methods in this paper are verified successfully. During the cooling process, the clamping stress between the tool holder and the tool should be smaller than the material yielding stress and the clamping torque should be larger enough than the torque generated in the material removal process in micro/nano milling processes.
The simulation results are shown in Fig. 3 . In Fig. 3(a) , the maximum Mises stress is 1327 MPa. The maximum Mises stress on the clamping surface is 654.222 MPa, which is lower than the material yielding stress (1110 MPa) of the tool holder. It means no material failure will happen for case 1. The traditional approach to determine the clamping torque of a shrink-fit is based on Lame's equation to predict radial pressures at the interface of the components and knowledge of the coefficient of friction and length of contact. In [11] , a simpler method is introduced as follows. The clamping torque T can be calculated by Eq. 1.
(1) where, P is the contact pressure on the clamping surface of the tool holder, A is the contact area between the tool holder and the tool shank, f is the friction coefficient, R is the radius of the tool shank.
Given the typical friction coefficient f=0.7 and the dimension in Fig. 1 [12 
The calculated contact pressure P and the clamping torque is 386.915MPa and 34.46Nm, respectively. In micro/nano milling, the cutting forces are smaller than several tens of Newton [13] . It shows that the clamping torque is large enough for the designed tool holder in case 1.
Key factors analysis
From Fig. 1 , it seems that the hole size d and the outside size D of the tool holder affect the heating expansions and cooling shrinkage directly. Based on the above introduced FEM models, the two factors are analyzed. Then, the systematic design procedure is proposed.
In case 1, the hole diameter is 10μm, which is smaller than the nominal shank diameter. After heating to a temperature of 450º C, the hole diameter is 11.884μm (2×10.942-10), which is larger than the nominal shank diameter and is large enough for the smooth insert of the shank. In order to identify the effects of the designed hole sizes, other two simulations were conducted with the hole diameters of 15μm (case 2) and 20μm (case 3), respectively. Simulation results indicate the clearances for case 1 and case2 are large enough for the smooth insert. For case 3, the clearance is only 2.5μm, which is too small to insert the tool shank into the tool holder. Therefore, it is better to determine the hole size and its tolerance between that of case 1 and case 2. Furthermore, the stresses for case 2 (1127 MPa) and case 3 (1471 MPa) are both larger than the yielding stress ((1110 MPa)) of the tool holder material. Therefore, the hole size of case 1 is used for further analysis.
The outside size D of the holder will obviously affect the stiffness, the heating and cooling efficiency, and the clamping force. Two other cases, namely case 4 and case 5, with the outside diameters D of 9mm and 11mm respectively are simulated (in case 1, D=7mm). Simulated results show that the outside diameter of the tool holder doesn't obviously affect the heated hole size and has limited effects on the inside hole expansions. The outside diameter of the tool holder is mainly determined by the requirements of stiffness and the corresponding geometric features on the workpiece to be cut.
Based on the above studies, a systematic design procedure is introduced. The primitive geometric design of the tool holder is conducted based on the requirements. The designed holder is modeled by FEM and evaluated by the stiffness analysis. After that, the heating FEM model is created to identify the clearance between the clamping hole of the tool holder and the tool shank. After the smooth insert of the tool shank into the tool holder is assured, the expansions are used to build the FEM cooling assembly model. The stress acting on the clamping surface of the tool holder must be smaller enough than the yielding stress of the tool holder material. After the above criteria are satisfied, the appropriate heating temperature can be determined for the designed specific holder. Finally, the novel shrink-fit tool holder is obtained.
Evaluation
The tool holder of case 1 is a typical small-sized one. Fig. 4 shows the designed tool holder in the clamping status and unclamping status. The end mill with a shank diameter of 3mm can be inserted smoothly into the tool holder while the heating temperature reaches 430º C, which is commensurate with the FEM analytical temperature. After several ten times heating and cooling, no cracks on the tool holder or obvious temperature variations for the smooth insert are found. 
Summary
Heating and cooling models for the shrink-fit tool holder for micro/nano milling have been introduced based on FEM. The analysis shows that the clearance between the clamping hole and the tool shank , and the stresses exerting on the clamping surface of the tool holder are mainly affected by the clamping hole size, namely the interference between the tool holder and the tool shank. As long as the tool can be smoothly inserted into the tool holder and the stress on the clamping surface is lower than the yielding stress of the tool holder material, the clamping torque is always large enough for even heavy duty milling operations. Based on the study, a systematic design procedure for the shrink-fit tool holder has been proposed and evaluated.
